. Of the parasitized crabs, 22.1% had a rhizocephalan externa, 62.7% had a scar, and 15.2% had only the interna. Prevalence of Heterosaccus sp. was similar for male and female crabs and all were castrated. Many of the infected males displayed major morphological changes, which included a wider pleon and extra pairs of biramous pleopods compared to uninfected males (feminisation). Newly emergent externa and externa filled with eggs or embryos were found throughout the year, which indicates a year-round reproductive cycle. However, virgin externae were more common at the beginning of the southern hemisphere summer. A literature survey of Rhizocephala in the South Pacific revealed overall few described species (n 5 20), records of nine genera, and several reported but unidentified species in new hosts. The South Pacific clearly has a rich rhizocephalan fauna, but little is known about the ecology of these parasites in this part of the world.
INTRODUCTION
Rhizocephalans are parasitic barnacles that infect other crustaceans. Typically, the reproductive sac, or externa, of the adult female of Sacculinidae is sac-like and located under the pleon of the host crab, and the interna is a root-like system inside the host's body. A crab becomes infested with a sacculinid after a female cyprid larva settles on it and penetrates the crab's cuticle after undergoing two moults to successive kentrogon larval stages. The internal root system develops from the injected vermigon stage (Glenner, 2001) , and finally the externally visible female reproductive sac is produced. Rhizocephalan males are dwarfs. In short, the male cyprid larva settles on a female externa, enters it as a trichogon larva, and travels to the male receptacles, where one or two males start fertilizing the rhizocephalan's eggs in the sac (Høeg and Lützen, 1995; Høeg et al., 2005) . Rhizocephala often have a major effect on the morphology, physiology, and behaviour of the host and can potentially have significant impacts on host populations inasmuch as infected hosts typically do not reproduce (Høeg et al., 2005) .
The South Pacific fauna of Rhizocephala has received very little attention and of the approximately 250 species known worldwide (Høeg et al., 2005) , only a few have been described from the South Pacific. Here we report on a parasitic barnacle that was rediscovered in 2006 in New Zealand after having been forgotten for over 75 years. Bennett (1964) collected pie crust crabs, Metacarcinus novaezelandiae (Hombron and Jacquinot, 1846) (Brachyura, Cancridae) in Wellington Harbour in 1931 and mentioned that rhizocephalans were found on two specimens. No subsequent observations were made, and his record was overlooked until we began collecting M. novaezelandiae around New Zealand.
Cancridae are common worldwide but, except for one, are not known to harbour rhizocephalans. This is despite the many studies on commercially important species such as the Dungeness crab, Metacarcinus magister (Dana, 1852) , and detailed studies in the North Pacific of epibionts and parasites of, e.g., M. gracilis (Dana, 1852) and Cancer productus Randall, 1840 by McGaw (2006 and Metacarcinus anthonyi (Rathbun, 1897) by Shields and Kuris (1988) . Similarly, East Asian cancrid crabs from the Russian Far East (Sea of Japan), Japan, and Korea have not been observed carrying rhizocephalans (A. Rybakov and A. Brockerhoff, personal observations) . Of the 31 species in Cancridae, only the European crab Cancer pagurus Linnaeus, 1758 is infected by a rhizocephalan (Sacculina triangularis Anderson, 1862) (Høeg and Lützen, 1985) .
The aim of this study is to describe the seasonal occurrence of the sacculinid parasite in its crab host M. novaezelandiae in Wellington Harbour, New Zealand, and the morphological changes in its male host. The species description of this new species of Heterosaccus is currently in preparation.
MATERIALS AND METHODS
Wellington Harbour at the southern end of the North Island of New Zealand is , 90 km 2 in area and it has a narrow 2 km wide entrance from JOURNAL OF CRUSTACEAN BIOLOGY, 30(3): 377-383, 2010 Cook Strait. Mean depth is , 20 m, but the depth at the entrance it is only 11 m. M. novaezelandiae were collected between April 2006, and May 2007, in the Harbour using baited crab traps left overnight at depths of 2-10 m. Crabs were collected primarily from Burnham Wharf in Evans Bay (within 1 km of 41u18.7489S, 174u48.7089E) (n 5 683) and Seaview Wharf near Petone (within 1 km of 41u15.4469S, 174u53.9489E) (n 5 421), and some were collected from wharves at the Centre Port (within 1 km of 41u16.2239S, 174u47.2449E) (n 5 14). Crabs were either kept alive until dissection, frozen, or first cooled down in a freezer and then preserved in ethanol or formalin. The gender of all crabs was recorded and measurements were taken of the carapace width and penultimate pleomere (fifth pleopod) width using digital callipers to the nearest 0.1 mm. The number and location of pleopods under the male pleon were recorded. Parasitized crabs were externally identified by either the presence of a rhizocephalan externa on the ventral surface of the pleon, a circular black scar under the pleon where an externa used to be attached, or by internal inspection for the presence of internal roots. All crabs without external signs of parasitism were dissected and examined internally for the presence of the internal root system using a binocular microscope. In addition, some parasitized males could be identified externally by the presence of extra pleopods on the third to fifth pleomeres or by having biramous second gonopods. The location of externae, size (width as the distance between the lateral margins, length as the distance between mantle opening and stalk base, and depth to the nearest 0.1 mm) was measured using digital calipers and the colour of the rhizocephalan externae and scars was noted.
Four developmental stages of externae were distinguished: newly emergent virgins (V), which are typically less than 5 mm long; immature (I); mature with developing embryos (ME), and advanced, with eyed embryos or nauplii (MA) (as described in Gurney et al., 2006) . All externae were inspected externally and measured within 2 days after collection. The majority of crabs carrying an externa were kept alive to see whether they would produce a second externa, and for these the developmental status of the brood inside the externa could not be assessed. Many crabs had sclerotised rhizocephalan rootlets; among the 622 crabs for which the interna was investigated in more detail, the relative proportion of sclerotised roots was categorised as follows: up to 5% (stage I), 25% (II), 50% (III), 75% (IV) and 100% (V) of roots sclerotised.
Fifty-nine specimens of M. novaezelandiae from 19 locations, collected over the past 65 years throughout New Zealand, were externally inspected at the Te Papa New Zealand National Museum. The localities (and numbers of individuals from each) included Akaroa (7), Auckland (2), Auckland Islands (12), Banks Peninsula (2), Bay of Plenty (1), ColacPahia Coast (2), Eastbourne (3), Greymouth (2), Golden Gate Bridge (4), Hapuka River Mouth (2), Mahia Peninsula (2) Crab size ranged from 24.1 mm to 117.5 mm (carapace width), with a relatively small median size of 51.1 mm for females and 53.5 mm for males ( Fig. 1 ). Of these, 93.5% (1045 crabs) were parasitized by Heterosaccus. Of the infested crabs, 22.1% had a rhizocephalan externa, 62.7% a scar, and 15.2% the interna only. The prevalence of Heterosaccus varied between 84.4% and 97.0% over the course of the study. There was no distinct seasonal pattern in prevalence, but the number of newly emergent externae peaked in early summer (27.6% of crabs with externae in December) (Fig. 2) . Virgin externae were found on 18.2% of the crabs with externae.
Overall prevalence of Heterosaccus in male and female crabs was similar (95.4% and 91.5%, respectively) as was the prevalence within the different size classes of crabs ( Fig. 1) . The average crab size was dependent on gender and whether or not they were parasitized (ANOVA test: F 5 40.329, d.f. 5 3, P , 0.0005). Parasitized crabs were significantly smaller than non-infected crabs, a pattern that was true both for females (P , 0.0005) and males (P , 0.0005). In addition, parasitized and non-parasitized females were significantly smaller than their parasitized and non-parasitized male counterparts (P 5 0.013 and P 5 0.037, respectively). Of the two main collection sites, Burnham wharf had a slightly higher infestation rate than Seaview wharf (96.4% vs. 92.2%).
Of the 59 museum specimens of M. novaezelandiae from locations throughout New Zealand, two from Wellington Harbour had rhizocephalan scars. No other locality had any rhizocephalan-infected crabs.
Externa and Root System of Heterosaccus n. sp.
Mature externae on crabs were large (up to 24.4 mm wide and 14.5 mm long) and yellow to brown in colour. Virgin externae were small (, 5 mm) and beige to light yellow. Typically one externa or scar was found per host, but 9% of the infected crabs had two or three scars and/or sacs. The internal root system was typically clear to light orange in colour and generally found to be widespread around the gut and among the lobes of the hepatopancreas. Except in a couple of cases, all crabs with externae had a healthy-looking root system. In comparison, 27.7% of crabs with scars had at least some of their roots sclerotised. Mostly only a few rootlets were sclerotised (stage I in 40.7% of the inspected crabs), but some crabs had up to stage II or stage III sclerotised roots (33.7% and 16.3% of the crabs, respectively) while only few had the majority of roots sclerotised (stage IV in 5.8%, and stage V in 3.5% of the crabs).
Effects on Male Crab Hosts
Infected males typically displayed major signs of morphological feminisation. The majority had a broader pleon than uninfected males, similar to that of females (Fig. 3) . In addition, infected male crabs typically had clearly defined and freely articulated third to fifth pleomeres whereas uninfected males had their third to fifth pleomeres fused. Gonopods were often degenerated or lost. Furthermore, 43.5% of infected males (246 of 565) had extra pairs of biramous pleopods on the third to fifth pleomeres. Infected males had either one (4.4%), two (10.3%), or three (20.0%) extra pairs of pleopods. Occasionally, asymmetrical additions were found too, such as a single pleopod on one side only (2.8%), or 1.5 (2.1%) or 2.5 (3.9%) extra pairs.
Rhizocephala of the South Pacific
Twenty species descriptions and several distributional records of rhizocephalans in the South Pacific near New Zealand were found in the literature (Table 1 ). The South Pacific rhizocephalan fauna is diverse and uses a range of crustacean hosts. A total of 32 rhizocephalan species has been reported from an even greater number of hosts, but this no doubt is just the tip of the iceberg and further study will reveal many more.
DISCUSSION

Heterosaccus Prevalence and Reproductive Cycle
Although large numbers of M. novaezelandiae (n 5 3646) from several locations throughout New Zealand were investigated in [2005] [2006] [2007] Wellington (this study); also Gisborne (n 5 42), Lyttelton Harbour (n 5 392), Banks Peninsula (n 5 493), Timaru Harbour (n 5 1368), Bluff Harbour (n 5 3) (data not shown), Heterosaccus was only found in Wellington Harbour, with extremely high prevalence. Rhizocephalan prevalence in general is often low (, 10%), but it is known to fluctuate in time and space (Werner, 2001; Korn et al., 2005) . Shallow protected bays, such as Wellington Harbour, are often sites of higher infection rates (Werner, 2001) . It is remarkable that even among the small number of examined museum crabs from various locations around New Zealand, Wellington crabs again were the only ones infected with rhizocephalans. Little is known about S. triangularis, the only other rhizocephalan reported to infect a cancrid crab (Cancer pagurus). Sacculina triangularis occurs on the Scottish North Sea coast, in southern Ireland, in the English Channel, on the coast of Brittany, at the Isle of Man, and on the Swedish Skagerrak coast (Høeg and Lützen, 1985) , but it is not known from other European locations although the host is relatively common throughout the North Sea. Similarly to the New Zealand Heterosaccus, it also appears to be very localised.
Our Heterosaccus appears to have formerly been rare in New Zealand, having not been reported for the last 75 years. Similarly, documented prevalence rates for S. triangularis in Scotland (Firth of Forth) have varied from rare (0.1%-1%) to common in the 1850s (Høeg and Lützen, 1985) . Sacculina triangularis is only found on relatively small hosts (27-70 mm carapace width, estimated to be 1-3 years old) (Høeg and Lützen, 1985) whereas in New Zealand, Heterosaccus was found on all size classes of the host crab (see also below). For both species, multiple infections have been observed occasionally.
There seem to be two possible explanations of the high prevalence of Heterosaccus in Wellington Harbour in [2006] [2007] . The first hypothesis is that the very high infection rates of Metacarcinus are the norm and that we have an approximate equilibrium between the parasite and its host, but the adult crab population is maintained by recruitment from outside the harbour. Clearly with more (1992) than 95% of the crabs castrated it is unlikely that they could produce enough larvae to balance mortality, so this hypothesis assumes that the harbour is an open system, dependent upon reproduction elsewhere to maintain crab numbers. A plankton study by Wear (1965) does show that crustacean larvae (Processa, Pontophilus, Sergestes, Pandalus spp.) are probably washed into the Harbour on the flood tide or after southerly winds blowing in from Cook Strait, so crab larvae liberated along the coast could be swept into the harbour where they could settle. In the Mediterranean, the absence of a noticeable reduction in the population density of Charybdis longicollis Leene, 1938 , despite a relatively high prevalence (44.4%-65.9%) of the sacculinid Heterosaccus dollfusi Boschma, 1960 in it, was explained in part by the open recruitment dynamics of the crab host (Innocenti and Galil, 2007) . However, in the case of Wellington Harbour exchange of water offshore through the entrance is limited by its small size, 2 km wide and only 11 m deep. Catchment drainage into the Harbour and export through the entrance means that the majority of the flow would be export rather than import of water. An alternative hypothesis is that the harbour is largely a closed system, not dependent upon larval imports, and the high infection rates that we found are part of a cyclic relationship between the parasite and its host. The crabs start out with low numbers and low infection rates so they produce many larvae and build up bigger and bigger populations by internal recruitment. Then the parasite begins to build up numbers because there are more hosts, accelerating the infection rates, but castrating more and more crabs. Finally, there is little or no recruitment, and crab numbers decline as the old ones die off. We get back to the low density-low prevalence situation again. This hypothesis assumes that there are always enough crabs that escape the parasite and restart population growth again. This idea resembles classic predator-prey cycles. It may be that the size of the Harbour (, 90 km 2 in area and , 17.8 3 107 m 3 in volume) and its internal current complexity, resulting from a couple of islands, is large enough to sustain such cycling. One would expect to find abundant crab larvae in the upper harbour: during a study of plankton in Wellington Harbour, zoea of Metacarcinus were abundant during August-November 1961 -1963 (Wear, 1965 suggesting that the local population was producing its own recruits, at least at that time. Thus, it may be that Wellington Harbour is sometimes an exporter of parasite and crab larvae, rather than an importer of crab larvae. To evaluate these two hypotheses a long term study of crab adults and larvae as well as infection rates of Heterosaccus in Wellington Harbour are required as well as an explanation of why Heterosaccus is only found in this harbour.
Heterosaccus was found in all size classes of its host crab, M. novaezelandiae, but it primarily infects juvenile and young mature crabs, which grow until the externa emerges and then stop moulting and growing. This most likely explains the strong representation of relatively small crabs (40-60 mm carapace width), the males of which were usually feminised. Stunted growth is a common effect of rhizocephalans on the host crab [see for example, GeorgeNascimento and Bustos (2006), Tsuchida et al. (2006) , Morton and Lutzen (2008) ]. Larger infected M. novaezelandiae typically displayed fewer morphological changes and were most likely infected at a later stage in their life. Uninfected large crabs may have immigrated into Wellington Harbour from outside and then become infected.
Reproduction of Heterosaccus in M. novaezelandiae seems to occur throughout the year, but virgin externae were more common at the beginning of the Southern Hemisphere summer. The reproductive cycle of the Heterosaccus in New Zealand may follow an annual pattern in which many rhizocephalan externae emerge in late spring, mature over the summer, release larvae in summer/autumn, and are finally lost from the host in late autumn/early winter. Such an annual cycle of externa emergence is also supported by the fact that more than half of the infected crabs had scars. Furthermore, in a third of the infected crabs, at least part of the root system became sclerotised after the externa had dropped off. It is unknown whether a new externa can be formed subsequently from the same interna. None of about 50 crabs held in the laboratory for up to 6 months produced a second externa.
Anecdotal observations made in the laboratory indicate that externa growth can be fast and small externa can grow from 7 mm to 15 mm width within a month. In Otago Harbour, South Island, M. novaezelandiae of about 50 mm carapace width have been estimated to be about one year old, and the earliest onset of maturity for females occurs at 59.4 mm CW and for males at 52.6 mm CW (Chatterton, 1990) . In Golden Bay and the Bay of Plenty, warmer areas of the South Island and North Island, respectively, much smaller ovigerous females were found (24.4 mm and 38 mm CW) (McLay, 1988) . Estimating from these data, it is likely that the development of the interna and externa in M. novaezelandiae takes less than a year, but this should be tested in the laboratory directly, particularly concerning the duration of the initial internal phase of Heterosaccus.
The duration of the internal phase varies highly among locations for a particular species of rhizocephalan, and even more between different species. For example, in L. panopaei, the internal phase before externa eruption lasts about 3 weeks (Walker et al., 1992) , but for S. carcini, 5-14 months (Walker, 1987) . From emergence of the externa to first brood release takes about one to four weeks in rhizocephalans (Høeg, 1995) .
Rhizocephala of the South Pacific
The description of the South Pacific rhizocephalan fauna is in its early stages. Although 20 species have been described from Australia, Chile, Peru, Federated States of Micronesia, Fiji, French Polynesia, and Kiribati, many others have been recorded but still await description. Until recently, only four hosts with rhizocephalans had been reported from New Zealand: M. novaezelandiae and three species of hermit crabs (Bennett, 1964; McLaughlin and Gunn, 1992) . Recently, several deep-water hosts from seamounts have been recorded around New Zealand (Ahyong, 2008,) and some of these have recently been identified (Lörz et al., 2008; Lützen et al., 2009) . A rhizocephalan identified as Peltogaster sp. was reported by Lörz et al. (2008) and Lützen et al. (2009) from the hermit crab Lophopagurus (Australeremus) kirkii (Filhol, 1883 and Gunn, 1992 . It is possible that several species of Peltogaster infect these hermit crabs, but for the moment we only count one species. Similarly with the crab genus Trichopeltarion: both species known from New Zealand, T. fantasticum and T. janetae Ahyong, 2008 , have been recorded harbouring rhizocephalans, but until further investigation is undertaken we assume that there is only one species of the parasite. The rhizocephalan found on the goneplacid crab Neopilumnoplax nieli Ahyong, 2008 has not been examined so here we assume that it is a new species. Therefore at least 12 rhizocephalan parasites are likely to be found in New Zealand waters and at least 32 from the South Pacific.
The South Pacific rhizocephalan fauna is diverse and at least one species is extremely common (Heterosaccus sp. in Wellington Harbour), but almost nothing is known about the ecology of the majority of them. In particular, little is known about their host specificity. Some species of Sacculinidae have a large number of hosts, for example S. carcini, which has been recorded from at least 14 species of host crab (Høeg and Lützen, 1985) . The three main islands of New Zealand have a relatively limited fauna of crab-like crustaceans (Anomura and Brachyura), with fewer than 100 species (McLay, 1988) and concomitant limits on the potential hosts available for sacculinids. The relationship between host diversity and host specificity of rhizocephalans in New Zealand should be the subject of future parasitological studies.
